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A geometric-based shortcut method for reactive distillation is addressed. The rectifica-
tion body method for nonreactive distillation, the concept of critical Damkohler num-
bers, and the geometric design method for reactive distillation are combined with a new
eigenvector analysis of pinch points. This shortcut method provides a minimum or rea-
sonable Damkohler number for a given heat duty, as well as the design implication of
how to effectively distribute reaction zones inside a column. This method can be used
for a fast screening of process design alternatives and for an initialization of rigorous

optimization.

Introduction

Four important research areas in process design for the
21st Century were introduced: process intensification (Stan-
kiewicz and Moulijn, 2000), process minimization
(Hendershot, 2000), process engineering (Keller and Bryan,
2000), and process information (Edgar, 2000). These four ar-
ticles commonly mentioned reactive distillation as a promis-
ing process alternative since initial investment and operating
costs are dramatically reduced when compared to processes
using single-function equipment. The methyl acetate produc-
tion system of the Eastman Chemical Company (Agreda and
Partin, 1984) is a notable example.

Distillation itself is recognized as an established separation
technology in the chemical industry and is well understood
with analytical methods, as well as with practical experiences.
For reactive distillation, however, there may be few system-
atic design methods applicable to any type of reaction
chemistries even though a lot of articles have been coming
out from the 1980s (Taylor and Krishna, 2000; Malone and
Doherty, 2000). For example, there is as yet little understand-
ing about how and where to place reaction zones inside a
column to maximize the synergistic effect of reaction and
separation.
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Traditional operation units usually deal with single func-
tionality such as reaction in a reactor and distillation in a
column. However, once one superimposes reaction on distil-
lation in one physical shell, it’s hard to understand the inter-
action between V-L phase separation and reaction as the
number of components increases. Thus, we would like to pro-
pose a shortcut method for reactive distillation to understand
this interaction and to analyze reactive distillation systems.
This shortcut method will be applied in order to obtain vari-
ous design insights into reaction distribution in a column,
reasonable energy demands, and catalyst holdups with reac-
tion kinetics.

As already pointed out in Okasinski and Doherty (1998),
conceptual design and simulation are two different ways in
process design, but complementary to each other. When de-
signing reactive distillation columns, required product specs
are known in advance. To screen process alternatives in terms
of economical attractiveness, it is necessary to know the mini-
mum energy demand and the minimum catalyst holdups. The
shortcut approach, as one of conceptual design methods, can
quickly estimate these design parameters for the required
product specifications, as well as feasibility insights into the
combination of reaction and distillation. In contrast to this,
simulation repeats calculations by continuously changing
these design parameters and necessary inputs (total number
of stages, feed stage, number of reactive stages, reaction loca-
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tions, and so on) until we obtain the desired product specs.
This is a relatively tedious and time-consuming effort com-
pared to applying a shortcut method. However, if a shortcut
method is first used for understanding the process and quickly
calculating the critical design parameters, a subsequent simu-
lation or rigorous calculation will be more effective. Thus,
shortcut methods greatly facilitate conceptual design.

From the following sections, the rectification body method
will be explained (Bausa et al., 1998) for nonreactive distilla-
tion and the feasibility will be discussed of a reactive distilla-
tion column under reaction equilibrium and with reaction ki-
netics. The concept of a critical Damkohler number pro-
posed by Buzad and Doherty (1994) will be reviewed and new
findings will be emphasized on composition profiles with crit-
ical Damkohler numbers. Then, a new mathematical formu-
lation will be proposed to approximate the course of reactive
profiles near pinch points without doing rigorous stage-to-
stage calculations. Finally, to derive a new shortcut method,
rectification bodies will be constructed for nonreactive parts
and they will be combined with those with the approximated
reactive profile by using eigenvectors of pinch points. Two
isomolar and one nonisomolar reactive systems will illustrate
the applicability of the shortcut method with a single-feed
column.

Rectification Body Method for Nonideal Distillation

Bausa et al. (1998) and Watzdorf et al. (1999) proposed the
so-called rectification body method (RBM) to determine the
minimum energy demand for a nonreactive azeotropic distil-
lation column. This RBM is applicable to any type of split in
nonideal multicomponent mixtures and considers all heat ef-
fects in a column. Figure 1 explains the main idea of the
RBM. The feedstream (F) containing a mixture of acetone,
methanol, and ethanol enters a single-feed distillation col-
umn. The top product (D) lies close to the minimum boiling
azeotrope between acetone and methanol. The bottom prod-
uct (B) is pure ethanol.

Rectification bodies are drawn for each rectifying or strip-
ping section by first calculating pinch points using the homo-
topy continuation method (Seydel and Hlavacek, 1987; Bausa,
2001) and then connecting the pinch points with straight lines.
The solid curves inside the rectification bodies in Figure 1
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are the possible composition trajectories calculated by using
the boundary value method (Levy et al., 1985). The differ-
ence among these calculated composition profiles is due to
the infinitesimally different fractions of a trace component in
the product composition. For example, acetone is a trace
component in the bottom product and the composition pro-
files of the stripping section change greatly according to the
fraction of acetone in the bottom product (refer to Figure 1,
XB acetone = 107% to 10™%). Thus, the rectification bodies
form an approximate envelope for all possible composition
profiles.

If the two bodies penetrate each other, the specified prod-
ucts are feasible, but the heat is oversupplied. If they do not
intersect each other, then we can increase the reboiler (or
condenser) duty until the bodies intersect at a single point.
The heat duty corresponding to this single point intersection
is the minimum energy duty. If such intersection does not
occur for any possible heat duty, the product specification is
infeasible. Hence, the RBM quickly provides stage profile
manifolds and then checks for the intersection in order to
determine the feasibility of the specification and calculate a
minimum energy demand without rigorous stage calculations.

Reaction Equilibrium vs. Reaction Kinetics

A reactive distillation column with a reactive stripping sec-
tion can be feasible under reaction equilibrium if the nonre-
active rectification body of the rectifying section touches the
reactive profile of the stripping section. Reaction equilibrium
could reasonably be achieved with a high catalyst holdup or
even with a small catalyst holdup for fast reaction. In this
case, the reactive composition profile of the stripping section
is close to the reaction equilibrium curve. The position of a
reactive pinch point for the stripping section is a function of
the energy supplied to the separation (Hauan et al., 2000b;
Chadda et al., 2000; Lee et al., 2000) along the reaction equi-
librium curve. Thus, for a given energy duty, the reactive
stripping profile starts from the bottom product composition
and ends at the reactive pinch point. Figure 2 shows that,
under reaction equilibrium, the minimum energy duty occurs
when the reactive profile has a single intersection with the
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Figure 2. Minimum energy requirement under reaction
equilibrium with 2C;,~ < C,” +C4™.
Hereafter, open triangles are for saddle pinches and open
squares for node pinches. The dotted curve connecting C,~

and C4" vertices represents reaction equilibrium (K,, =
0.25).
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nonreactive rectification body. This single intersection en-
sures the feasibility of this column since reaction equilibrium
allows the reaction to proceed until a specified reaction ex-
tent is achieved, as in the previous work (Barbosa and Do-
herty, 1988a,b).

With reaction kinetics, however, the feasibility of a single-
feed reactive distillation column requires the intersection be-
tween a reactive profile and a nonreactive rectification body
for partially distributed reaction zones, while satisfying an
overall reaction extent by choosing a proper catalyst holdup.
If reaction occurs within both rectifying and stripping sec-
tions, the two reactive profiles should intersect and satisfy
the overall conversion as in the fixed-point method (Buzad
and Doherty, 1994). The reaction conversion is defined by
reaction rates on trays that are a function of catalyst volume
and a heat duty of either condenser or reboiler (Doherty and
Buzad, 1992).

Critical Damkohler number (Da®)

From this section, the decomposition reaction of 2-pentene
into 2-butene and 3-hexene will be used to develop a shortcut
procedure. Its kinetics (Okasinski and Doherty, 1998) is sum-
marized in the Appendix. This liquid-phase reaction is as-
sumed to occur only in the stripping section. The critical
Damkohler number (Da®) gives a limiting composition pro-
file for a given heat duty (or a reflux ratio), which passes
through a pinch point lying on the reaction equilibrium curve
(Buzad and Doherty, 1994). With this critical value, bifurca-
tion occurs at the pinch point in Figure 3. If we slightly de-
crease the critical Damkohler number, the composition pro-
file travels toward the reverse reaction zone after the pinch
point. Epsilon increase in Da® enables the composition pro-
file to move toward the forward reaction region, and the de-
sired positive reaction conversion can be achieved. One
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Figure 3. Sensitivity of reactive stage profiles in the
stripping section with nearly identical Da’s.

xg=1[0.0, 1.0, 0.0], x, =[0.98, 0.01992, 0.00008] and xpz=
[0.00008, 0.01992, 0.98] for C,~, Cs~ and C4~ . All streams
are saturated liquid. External reflux ratio = 2.3.
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3=[0.00008, 0.01992, 0.98]

Dac=0.0296013 ™,
X5=[0.00002, 0.01998, 0.98]

Figure 4. Composition profiles of the reactive stripping
section for slightly different bottom product
compositions.

should note that the pinch points for reactive sections in a
column always lie on the reaction equilibrium curve and their
positions are a function of the heat duty of the column (Hauan
et al., 2000b; Chadda et al., 2000; Lee et al., 2000). The
branches of pinch points for both reactive and nonreactive
column sections are obtained using homotopy continuation
(Seydel and Hlavacek, 1987; Bausa, 2001). The balance equa-
tions for kinetically controlled reactive trays in the stripping
or rectifying section are summarized in the Appendix.

The composition profiles are very sensitive to small differ-
ences in the Damkohler numbers in Figure 3. For example,
the composition profile with Da = 0.37 moves into the re-
verse reaction region, while the composition profile with Da
= (.38 partly lies within the forward reaction zone and then
moves out of the valid composition simplex. Remarkably, the
composition profile with the Da® is a nearly straight line af-
ter the pinch point.

From now on, new findings on the critical composition pro-
file are to be discussed. The critical Damkdhler number varies
significantly with respect to the amount of trace components
in the product compositions, as shown in Figure 4. Taking
two bottom product compositions, which differ slightly in the
trace component (2-butene (C4~): 0.00008 and 0.00002), we
obtain Da“s of 0.37411862 and 0.0296013. These two
Damkohler numbers are different by an order of magnitude.
Intuitively, to satisfy a desired reaction extent, the composi-
tion profile with the smaller critical Damkdhler number
should have a larger number of reactive stages, while that
with the larger critical Damkohler number should result in
fewer reactive stages. Thus, the composition profile of Da®=
0.0296013 has a longer path (dotted curve) than that of Da¢
=(.37411862 (solid curve) in Figure 4. Note that the pinch
points are almost identical for two slightly different bottom
product compositions: [0.3851, 0.4709, 0.1440] and [0.3850,
0.4710, 0.1440] for C4=, C5~ and C6~.

The value of the critical Damkoéhler numbers is related to
the distance between the product composition and the reac-
tion equilibrium curve. As the product composition lies closer
to the reaction equilibrium curve, the tray profile starts closer
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Dac=0.94947358971

Figure 5. Reactive stage profile of the rectifying section
with Da® = 0.94947358971 and the distillate
composition in the reverse reaction zone.

xp=1[0.5, 0.5, 0.0, 0.0, x,=1[0.0002, 0.4882, 0.5068, 0.0048]
and xz =1[0.49, 0.002, 0.003, 0.505] for AC, MT, MA and W.
All streams are saturated liquid. External reflux ratio = 2.0.
F/D/B = 2.0/1.0/1.0 kmol/s. The grid surface is the reaction
equilibrium manifold at 1 atm. AZ = azeotrope. The arrow
is the unstable eigenvector direction of the pinch point (xp).

to the reaction equilibrium curve and has a shorter course
with a larger Da“. If the product composition is located fur-
ther away from the reaction equilibrium curve, the tray pro-
file has a longer path with a smaller Da“, as shown in Figure
4. Thus, as we put a product composition closer to a reaction
equilibrium curve by changing the amount of a trace component,
the limiting tray profile has a larger Da“. This is an important
implication, since it is possible to obtain the limiting compo-
sition profiles with Da®’s by manipulating the amount of a
trace component in product compositions.

Buzad and Doherty (1994) identified a necessary condition
for the existence of this limiting composition profile with Da
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Figure 6. Material balance envelope for the stripping
section.
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= Da‘: the product compositions should be selected such that
the tray profile with Da = 0.0 crosses the reaction equilib-
rium curve. The tray profile with Da = 0.0 is a nonreactive
profile. So, phase equilibrium determines whether the com-
position profile with Da = 0 will cross the reaction equilib-
rium manifold. In Figures 3 and 4, the bottom product com-
position is chosen from the forward reaction zone to satisfy
this condition. However, for some reactive systems, it is nec-
essary to select a product composition in the reverse reaction
zone due to the behavior of phase equilibrium. For example,
the top product composition for the methyl acetate produc-
tion system must be selected within the reverse reaction zone
in order to obtain the limiting composition profile for Da =
Da“ as shown in Figure 5. It is confirmed from the stage cal-
culations that the nonreactive profile with Da = 0.0 quickly
traverses the reaction equilibrium surface from the reverse to
the forward reaction zone. Note that even though this mix-
ture is highly nonideal, a straight line satisfactorily approxi-
mates the composition profile after the pinch point.

Geometry of Composition Trajectories Close to
Pinch Points

Figures 3 to 5 stress the importance of pinch points for
determining the global course of the column trajectories.
Thus, it is desirable to better understand the behavior of a
trajectory in the vicinity of a pinch point. For nonreactive
distillation processes, Julka and Doherty (1990) present a
method to determine the qualitative behavior of the distilla-
tion map close to a pinch point by applying nonlinear dy-
namic systems theory to the set of tray equations. They con-
cluded that the distillation map represents a tray-by-tray re-
currence with (C-1) degrees of freedom. For convenience, the
liquid concentrations on each plate are chosen as the free
variables, while vapor composition and temperature are im-
plicitly calculated from the phase equilibrium and summation
equations. In this case, the liquid concentration on stage » in
the stripping section can be calculated from the mass balance
around this stage according to the balance system shown in
Figure 6

Vs

Xni = 7 yn+1,i(xn+1?Tn+l)+L XB.,i>

n n

i=1..C (1)

The formulation for the rectifying section can be chosen
analogously. At the pinch, the driving force of the separation
vanishes and the map is given by

Vp B .
x;=fi(x)= L_y;k (xp,Tp)+ 7t 1T L.Cc (2
P P

Applying dynamic systems theory, the local topology of the
profiles in the vicinity of a pinch point is defined by the
eigenvalues and eigenvectors of the Jacobian of the map
evaluated at the pinch point

J=((7—f"), i,j=1..C (3)

&xj

Julka and Doherty (1990) point out that J always has (C-1)
real, nonzero eigenvalues and a complete set of eigenvectors
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for all liquid-phase compositions within the composition
space. Let A; be the eigenvalues and u; be the eigenvectors
of this matrix. The stability of the eigenvectors is character-
ized by the respective eigenvalues:

|A;] <1: Stable eigenvector, that is, the profile is attracted
towards the pinch in this direction.

|2,/ >1: Unstable eigenvector, that is, the profile is re-
pelled from the pinch in this direction.

Following this concept, each pinch point can be classified
as unstable node, saddle, and stable node. For details, see
Julka and Doherty (1990) or Bausa (2001).

In kinetically controlled reactive distillation processes, the
extents of reaction ¢, , are introduced as Ny degrees of free-
dom of the tray-by-tray recursion in addition to the liquid
composition x,. Here, Ny is the number of independent re-
actions. The conversion on each plate can be described by
some formulation of the kinetic behavior of the reactive mix-
ture. However, for the sake of generality, no specific formula-
tion is introduced here. Instead, let g,(x,T,, ) describe the
reaction rates of each reaction on a plate. Observing the con-
tribution of the reactions in the mass balance, the tray-by-tray
recursion is then given by

I/nJrl B Nk gr,n+1 .
xn,i=L_nyn+1,i+L_an,i_r§1 L Vi i=1.C
fr,n=gr(x?Tn+l)+ gr,nJrl’ r=1"'NR
C))

The mapping at the pinch is, therefore, described by

VP B Ni frP
=y Tp)+—xg, + AL
Xi LPyl (xP’ P) LPxB,L rg] Lp Vr,l ft(xP)
i=1..C
é‘l‘,P:gr(x”rP)-’_gr,Pa r=l...NR (5)

For a given heat duty, the reactive pinch points will be deter-
mined on the reaction equilibrium manifold (Chadda et al.,
2000), where g(xp, Tp) in Eq. 5 is equal to zero. If more
than one reaction is involved, the reactive pinch points will
lie on the intersection of the equilibrium manifolds for each
reaction. The reactive pinch points are calculated using a ho-
motopy continuation algorithm. For details on this calcula-
tion, refer to Bausa (2001).

Analogously to the nonreactive case, the local topology in
the vicinity of the pinch is defined by the eigenvalues and
eigenvectors of the Jacobian

afi  df;
%
J= og, , 1,j=1.C
(?x]- INR
rl=1..Ng (6)

where I, is the identity matrix of dimension Ng. Note that
there are now (C — 14 Ny) eigenvalues and eigenvectors, that
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Figure 7. Geometry of the profiles close to the pinch
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is, each reaction contributes an additional eigensolution.
Moreover, the eigenvectors describe the linear approxima-
tion of the column profile in the space of liquid-phase con-
centrations and extents of reaction close to the pinch.
Figure 7 shows the projection of a stripping section column
profile and the eigenvectors of the pinch point onto the com-
position space for the 2-pentene decomposition example dis-
cussed above. Here, a bottoms product composition of x; =
[0.00008, 0.01992, 0.98], a reflux ratio of r=2.3, and a di-
mensionless holdup of Da = Da®= 037411862 were chosen.
According to the derivation presented above, a total of (C—1
+ Ni) =3 eigenvalues are obtained (see Table 1). One of
these is greater than 1 and, thus, corresponds to an unstable
eigenvalue, while the absolute value of the other two are
smaller than 1 and, thus, denote the stable eigenvalues. The
pinch therefore constitutes a saddle of the distillation map. It
can be seen that the calculated profile leaves the pinch in the
direction of the eigenvector associated with the unstable
eigenvalue. Since the profile does not exhibit significant cur-
vature, it is well described by a linear approximation using
this unstable eigenvector. This characteristic behavior of ki-
netically limited reactive profiles will be exploited in the de-
sign method presented in the following sections. Since two
stable eigenvectors exist, there is no single direction in which
profiles are attracted towards the pinch. As a matter of fact,
they can approach the pinch from any linear combination of
the two stable eigenvectors. However there is only one single
profile originating from the bottom product concentration,
and, thus, corresponding to a feasible distillation column.

Table 1. Eigenvalues and Eigenvectors at Pinch Point in

Figure 7
Type Unstable Stable Stable
Eigenvalue A; 1.5906 —0.2486 0.5457
Eigenvector u; Xcy 0.2568 0.0681 0.7525
Xcs —0.4174 —0.5538 —0.4025
Xce 0.1606 0.4857 —0.3500
—0.4284 0.3364 0.1932
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Figure 8. Geometry of reaction extent close to the pinch
point.

With Da = Da“, this profile approaches the pinch exactly in
the direction of one of the stable eigenvectors. Therefore,
this profile describes a separatrix of the distillation map for a
given bottom product composition.

The three-dimensional (3-D) view in Figure 8 shows the
extent of reaction. The representation is identical to Figure
7, however, the additional coordinate axis shows the accumu-
lated extent of reaction (£). Here, ¢ =0 has been chosen at
the starting point of the profile (the bottom product B).
Moving along the column from the bottom product towards
the feed stage, the accumulated extent of reaction increases.
The quality of the approximation of the profiles by their re-
spective unstable eigenvectors is further highlighted by revis-
iting Figure 4. As already discussed, the profiles shown in
this figure are characterized by a strong sensitivity with re-
spect to the trace concentrations of C,~ in the bottom prod-
uct. Figure 9 shows the two profiles and the respective eigen-
vectors. The stable eigenvectors have been omitted for better
legibility. The sensitivity of the profiles is captured by the
eigenvector directions.

Shortcut Method for Reactive Distillation Based on
Eigenvector Directions

In the two previous sections, several important characteris-
tics of the composition profiles with Da“’s are pointed out.
The most important one is that these limiting composition
profiles in Figures 4 and 5 follow the same pattern; starting
from the product composition, they approach the pinch points
and continue to proceed into the forward reaction zone. Thus,
the path of composition profiles with Da“’s is quite pre-
dictable. After the pinch point, they can be approximated by
the directions of unstable eigenvectors (see Figure 9). Figure
3 shows that the reactive profile with Da = Da‘ is the limit-
ing profile for Da> Da‘. This limiting profile offers the
largest path of interaction with the nonreactive rectification
body of the rectifying section. Since such interaction is a nec-
essary condition for the feasibility of the split, this choice of
Da = Da° gives the highest likelihood of finding feasible op-
erating conditions. For Da > Da¢, the size of the path of the
intersection decreases until no intersection is achieved at all
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Da = Da° = 0.37411862
Xg = [0.00008, 0.01992, 0.98]
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Da = Da® = 0.0296013 /
xg = [0.00002,0.01998, 0.98]

Figure 9. Estimate of the composition profiles after the
pinch point by unstable eigenvector direc-
tions for two different profiles.

(see profile with Da = 0.38 in Figure 3). If Da < Da‘, inter-
section is achieved, however, the overall reaction extent can
never be satisfied since those profiles lie within the reverse
reaction region.

In summary, the reactive composition profiles with Da“ are
used to develop a shortcut method since: (1) their paths are
predictable; (2) they can be estimated by the directions of
unstable eigenvectors, as in Figures 7 to 9; (3) they lie within
the forward reaction zone and, therefore, correspond to pro-
files with positive conversions; and (4) they are the limiting
case for the profile intersection.

As seen in Figure 4, Da¢ shows a strong sensitivity to the
distance of the product composition from the reaction equi-
librium curve, whereas the location of the pinch point is not
sensitive to such small perturbations of the product composi-
tion. For the conceptual design of the reactive distillation
process, such small deviations from the specified product
composition will usually be tolerable. Hence, Da‘ can be
chosen freely as a design degree of freedom if small devia-
tions from the specified product composition are allowed.
However, Da is still constrained by the two necessary condi-
tions for feasible separation: (1) Intersection of rectifying and
stripping section profiles or rectification bodies; (2) satisfac-
tion of a specified overall extent of reaction.

Figure 10 shows the unstable eigenvector directions of the
pinch point with Da, = 0 and Da, = 1,000. Between these two
eigenvector directions, we can determine an estimated com-
position profile corresponding to Da, < Da < Da,. Here, the
maximum Da = 1,000 is equivalent to Da — since the un-
stable eigenvector direction does not change above Da=
1,000. However, this value changes depending on reactive
mixtures and the location of reaction zones, which is easily
confirmed by eigenvector calculations with various Da’s. Even
though a reactive composition profile is not physically avail-
able when Da is zero, the unstable eigenvector is mathemati-
cally available and its direction is chosen as the composition
profile with the minimum Da. Once the liquid composition
profile is estimated, the corresponding vapor composition
profile is calculated by the phase equilibrium relationship, as
in Figure 10.
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Figure 10. Linear estimation for the liquid and vapor
profiles after the pinch point by using unsta-
ble eigenvector directions.

The dotted line of the estimated liquid composition profile
corresponds to the unstable eigenvector direction with Da
=0.14.

Now, we geometrically determine the final liquid composi-
tion (x,,,) on the estimated liquid composition profile by
enforcing the specified overall reaction extent in Figure 11.
In composition space, the total cascade difference point (§,)
represents the overall reaction extent (Lee et al., 2001b). The
straight line connecting the bottom product composition and
the total cascade difference point is the cascade difference
point trajectory, which describes reaction extents on each re-
active stage of the stripping section, as in Eq. 7

Bxp—2¢&,cpt+2&,¢
5, = B BP R 7

/25555
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Cascade difference
point trajectory

Figure 11. Determination of the vapor and liquid com-
positions at the final reactive stage (stage n
+1) of the stripping section.
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Da=0.1400

& 4 Dy

Figure 12. Minimum Damkoéhler number corresponding
to the liquid composition at the final reactive
stage having a single intersection with the
nonreactive rectification body.

Two solid lines for the estimated profile and the operating
line describe the minimum Da = 0.1400, while two dotted
lines represent Da = 0.4600.

where ¢, and ci are the normalized product and reactant
coefficient vectors, ¢p =[1/2 0 1/2], and ¢, =[0 1 0] for C;,
C5 and Cg, respectively. As the reaction extent increases,
the cascade difference point (§,) at stage n approaches §,.
For a given feed and product specification (that is, compo-
sition, flow rate, temperature and pressure), the overall reac-
tion conversion should be satisfied at the top reactive stage
(stage n+1 in Figure 11) of the stripping section if the reac-
tion extent is added up from the bottom to this final stage. In
addition to that, the liquid composition at the final reactive
stage should intersect the rectification body of the nonreac-
tive rectifying section in order to have a feasible column. Fig-
ure 11 shows the corresponding geometrical construction. The
material balance around the whole stripping section is

Lnxn=I/n+1yn+1+BxB_ v n+1=I/n+1yn+1+ 8n+1 n+1

®)

A certain liquid composition (x,) entering down to the bal-
ance envelope lies between the straight line connecting the
vapor composition at stage n +1 (y, , ;) and the total cascade
difference point (8, = §,. ;). Thus, we enforce this overall re-
action extent (& = ¢, ;) to be satisfied from the bottom to
the final reactive stage (n+1) in Figure 11. So, the positions
of the liquid composition (x,) and the vapor composition at
the final reactive stage (y,. ) are simultaneously determined
on the estimated liquid and vapor profiles by the heat bal-
ance. To ensure the feasibility of this column, the liquid com-
position at the final reactive stage (x,.,), which is deter-
mined by the phase equilibrium calculation with y,,, ;, should
touch or penetrate the rectification body of the nonreactive
rectifying section.

All the procedures explained in Figures 10 and 11 for the
reactive stripping section can be used analogously for a reac-
tive rectifying section. Thus, the algorithm for a new shortcut
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method for a reactive distillation column with a stripping or
rectifying reaction zone is summarized as follows:

(1) Specify a column pressure and give the feed and prod-
uct specifications. From these specifications, the overall reac-
tion conversion (or §,) results.

(2) Set an external reflux or reboil ratio (heat duty).

(3) Obtain a rectification body for the nonreactive section
and the pinch points of the reactive section.

(4) Choose Da.

(5) Calculate the eigenvectors at the pinch and approxi-
mate the reactive liquid and vapor composition profiles.

(6) Determine the liquid and vapor compositions at the fi-
nal reactive stage on the estimated profiles by construction
with the total cascade difference point.

(7) Check for the intersection between the liquid composi-
tion at the final reactive stage (x,,, in Figure 11) and the
rectification body of the nonreactive section.

(8) If the intersection is not achieved, choose different Da
and go to step 5. If the intersection cannot be achieved for
any choice of Da, increase the heat duty and go to step 3.

In step 1, the product compositions of the reactive section
should be selected such that the critical composition profiles
can exist, as already explained in Figures 4 and 5. The selec-
tion of an appropriate Da > 0 for approximation of the reac-
tive profiles in steps 4—8 needs several iterations. From our
experience, a bisection strategy starting with Da = 0.01 and
Da =10 leads to the desired Damkohler number quickly.

The minimum Damkohler number for a given heat duty
corresponds to the liquid composition at the final reactive
stage (x,, ) just intersecting the nonreactive rectification
body in Figure 12. When the final liquid composition lies in-
side (or penetrates) the nonreactive rectification body, the

Damkdhler number increases from the minimum value of
0.1400 to 0.4600. Using the design procedure, we can thus
obtain a minimum Da for a given heat duty.

The heat duty should be increased if there is no intersec-
tion between the final liquid composition and the rectifica-
tion body even with a very large Da, as shown in Figure 13a
for r=1.5. If the reflux ratio increases from r=1.5 to r =
1.67, the final liquid composition (x,, , ;) can meet the nonre-
active rectification body of the rectifying section in Figure
13b. Once we increase the heat duty, the shortcut algorithm
should continue from step 4 to determine a suitable Da.

Extension of the Shortcut Method for Columns with
Reactive Trays in Both Sections

If the 2-pentene decomposition occurs within the whole
column, that is, in both rectifying and stripping sections, we
can extend the shortcut method for one section into this case.
Given the product compositions and the heat duty, the reac-
tive pinch points of both sections are determined. For speci-
fied Damkohler numbers Da” and Da’ in the rectifying and
stripping sections, the unstable eigenvectors at the pinch
points are calculated. These eigenvectors are used to approx-
imate the column profiles, as previously presented. The lig-
uid and vapor compositions at the feed stage are identical to
the intersection points of the estimated liquid and vapor pro-
files for the rectifying and stripping sections in Figure 14. In
order to guarantee feasible operation, it should be checked
whether the sum of the reaction extents for the two sections
is equal to an overall reaction extent. For the fixed vapor
composition at the feed stage, the total cascade difference
point for the rectifying section (8,) and the final liquid com-

(@)

n+2

(b)

Figure 13. Increasing the reflux ratio when the final liquid composition (x,,,,) does not touch the nonreactive

rectification body.

(a) No intersection between x,,; and the nonreactive rectification body at reflux ratio =1.5. (b) Intersection between x,,, and the

nonreactive rectification body at reflux ratio = 1.67.
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Figure 14. Geometrical construction of a shortcut
method for reaction in both sections.

The dotted lines represent the rectifying section and the
solid lines denote stripping section.

position of the rectifying section (x,,, ;) are simultaneously
determined on the cascade difference point trajectory and on
the estimated liquid profile. In the same way, we can obtain
the total cascade difference point for the stripping section
(8;) and the final vapor composition of the stripping section
(¥,n+1) from the fixed liquid composition at the feed stage.
Thus, we calculate the sum of two reaction extents (£ and
&) from these two cascade difference points and check if this
sum equals the total reaction extent calculated from the over-
all material balance.

Therefore, we propose the algorithm of a shortcut method
for the case of both reactive sections:

(1) Specify a column pressure and give the feed and prod-
uct specifications.

(2) Set a heat duty of the condenser or reboiler.

(3) Obtain the reactive pinch points of each reactive sec-
tion.

(4) Choose Da" and Da®.

(5) Calculate the eigenvectors at the pinch and approxi-
mate the reactive liquid and vapor composition profiles for
the rectifying and stripping sections.

(6) If the profiles do not intersect, choose different Da’s
and go to step 5. If the profiles do not intersect for any choice
of Da" and Da’, increase or decrease the heat duty and go to
step 3.

(7) From the intersection points on the two liquid profiles
and the two vapor profiles, determine the total cascade dif-
ference points for the stripping section () and the rectify-
ing section (§,) and calculate the reaction extents for both
sections (£ and &).
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Table 2. Results for O, and Da from the Shortcut Method
and AspenPlus for the 2-pentene Decomposition Reaction

Reaction Zones Shortcut Method*  AspenPlus**

Stripping section: O;(MJ/5)/Da  55.07/0.0180  55.06/0.0346
43.33/0.0750 43.52/0.0487
31.59/0.3200 31.51/0.3325

Rectifying section: Q;(MJ/s)/Da 55.07/0.0600 55.06/0.1403
43.33/0.2400 43.27/0.3700
38.64/0.9700 38.58/0.7744

Both sections (all reactive): 31.59/0.0250 31.51/0.0448

04(MI/s)/Da 29.24/0.0750  29.13/0.0750

***Feed and product specifications: F = 1.0 kmol/s, D = B = 0.5 kmol/s,
x=1[0.01.00.0], x5, =[0.98 0.01992 0.00008] and xz = [0.00008 0.01992
0.98] for C,~, C5~ and Cq4~ .

**25 reactive stages and 25 nonreactive stages for rectifying and strip-
ping sections, 50 reactive stages for both reaction sections including a
condenser (Ist stage) and a reboiler (50th stage).

(8) Compare the sum of & and & with the total reaction
extent (£,). If this sum is less than the total reaction extent,
return to step 4 and try other Da’s. If &+ &° < &, for any
choice of Da" and Da®, increase the heat duty and go to step
3.

Results for the 2-pentene Decomposition Reactive
System

Table 2 summarizes the results from the shortcut method
and compares these results with simulation results from As-
pen Plus for identical feed and product compositions. The
feed contains pure 2-pentene and its flow rate is 1 kmol/s.
The flow rates for the top and bottom products are 0.5 kmol/s
for all three cases. The feed and product streams are all satu-
rated liquids. For all simulations, the required distillate and
bottoms compositions have been chosen as x, =[0.98,
0.01992, 0.00008] and x, =[0.00008, 0.01992, 0.98] for C;,
C5 and Cg . While carrying out Aspen simulations, we change
molar stage holdups (Damkohler numbers) for nearly the
same heat duties until we get the identical product specifica-
tion. Here, we also iterate with different numbers of reactive
or nonreactive stages and select 50 stages to obtain feasible
product specs for the three cases of reaction locations in Table
2.

Let’s first focus on the results from the shortcut method in
Table 2. The Damkohler numbers for the reactive stripping
section are smaller than those for the reactive rectifying sec-
tion. For example, the Damkohler number of the stripping
section is Da=0.3200 at the reboiler duty of Qg =31.59
MJ/s, while Da = 0.97 in the rectifying section at the reboiler
duty of Qj=38.64 MJ/s. Therefore, the stripping section
displays better reaction performance than the rectifying sec-
tion since the reaction holdup (Da = 0.3200) for the reactive
stripping section is smaller than that (Da = 0.97) for the reac-
tive rectifying section with the lower reboiler duty.

Furthermore, if we consider a column where all stages are
reactive, the Damkohler numbers are even smaller than those
for the two cases of reaction occurring only in either the rec-
tifying or the stripping section. For the reboiler heat duty,
31.59 MJ/s, Da is 0.0250 for all reactive sections and 0.3200
for the stripping reaction zone. Thus, this case has the best
performance in terms of the smallest column dimension or
catalyst amount. Aspen simulation results show the same
trend for column performance indicating reaction in both
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sections has the lowest Damkohler number for smaller re-
boiler duties. The Damkohler numbers obtained from the
shortcut method are used as the initialization for the rigorous
Aspen simulations. There is a good agreement between the
shortcut results and the Aspen simulation results in Table 2.

Application of the Shortcut Method to the Methyl
Acetate Production System

Methyl acetate (MA) is produced by the dehydration reac-
tion of methanol (MT) and acetic acid (AC) using an acid
catalyst

CH,COOH(AC) + CH,;0H(MeOH) < CH,COOCH ;(MA)
+H,0(W) (9)

Its kinetics is obtained from Xu and Chuang (1996) and Maz-
zotti et al. (1997) and summarized in the appendix. There are
two minimum boiling azeotropes, Water-MA and MT-MA at
1 atm.

Figure 15 shows two possible liquid compositions (x,, , ;’s)
of the final reactive stage intersecting the nonreactive rectifi-
cation body of the stripping section (tetrahedron). Using these
two final liquid compositions, we can satisfy the necessary
condition for the feasible split in terms of intersection be-
tween the reactive profile and the nonreactive rectification
body of the stripping section. Then, the heat and material

balances will determine the lowest Da for any estimated lig-
uid and vapor profiles with 0 < Da <1,000. This is the same
way as for the previous ternary system in Figure 12 except
two possible final liquid compositions. Here, the final stage
means the lowest reactive stage in the rectifying section and
the accumulated reaction extent (§,,, ) from the top to this
final stage satisfies the overall reaction extent (¢£,). The heat
balance around the rectifying envelope also determines one
final liquid composition from these two final liquid composi-
tions (x,,,,’S). ¥, 4, in Figure 15 is the vapor composition
coming up to the final stage (m +1) in Figure 11.

Table 3. Results for O, and Da from the Shortcut Method
and AspenPlus for the Methyl Acetate Production

Reaction Zones Shortcut Method*  AspenPlus**
Stripping section: 81.13/0.0625 81.39/0.0626
0p(MJ/s)/Da range 64.80,/0.0550 65.05/0.0575

38.67/0.1650 38.85/0.1579
Rectifying section: 81.13/1.6000 81.43/1.4379
0p(MJ/s)/Da range 64.80,/1.3800 65.06/1.3252
38.67/0.6270 38.90/1.1842
Both sections (all reactive): 39.98/0.2980 38.74/0.1241
Q3MJ/s)/Da range 38.67/0.3250 35.56/0.1353

***Feed and product specifications : F = 2.0 kmol/s, D = B = 1.0 kmol/s,
x;=1[0.50.50.0 0.0], x), =[0.0002 0.4882 0.5068 0.0048] and x =[0.49
0.002 0.003 0.505] for AC, MT, MA and W.

**30 reactive stages and 30 nonreactive stages for rectifying and strip-
ping sections, 60 reactive stages for both reaction sections including a
condenser (1st stage) and a reboiler (60th stage).

Estimated
vapor profile

Estimated
liquid profile

Xm+1r Yms2 and 8t

Operating line connecting

Figure 15. Geometrical construction of a shortcut method for the reactive rectifying section in the methyl acetate

quaternary system.

The tetrahedron inside the tetrahedral composition simplex is the nonreactive rectification body for the stripping section.
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Estimated reactive
profile for the
stripping section
Rectification body for the
non-reactive rectifying section

Figure 16. No intersection between the reactive profile
of the stripping section and the nonreactive
rectification body of the rectifying section.

xz=[0.5,0.5, 0.0, 0.0], x, =[0.005, 0.068, 0.912, 0.015] and
x5 =1[0.08, 0.017, 0.003, 0.9] for AC, MT, MA and W. All
feed and product streams are saturated liquid. External re-
flux ratio = 2.0.

Table 3 shows the results from the shortcut method and
the Aspen Plus simulations. The Da’s estimated from the
shortcut method reasonably match the Da’s calculated from
Aspen Plus. The shortcut results show that Da’s for the strip-
ping reaction zone are smaller than those for the rectifying
reactive section under the same heat duty. For the same heat
duty, Qp =281.13 MJ/s, Da = 0.0625 is for the stripping sec-

Da=3.2269

Figure 17. Limiting composition profile of the reactive
stripping section with Da® in the MTBE pro-
duction system.

The dotted curve connecting MT and C,~ denotes reac-
tion equilibrium at 8 atm. x=[0.4, 0.6, 0.0], x,, =[0.053,
0.9208, 0.0262] and xp =1[0.233925, 0.06138, 0.704695] for
MT, C,~ and MTBE. All feed and product streams are
saturated liquid. External reflux ratio = 15.0. Flow rates:
F/D/B = 1.0/0.31/0.4 kmol/s. Bifurcation occurs at xp. The
arrow is the unstable eigenvector direction of the pinch
point.
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MTBE ' Ca-

Figure 18. Limiting composition profile of the reactive
rectifying section with Da°®.

xp=[0.4, 0.6, 0.0], x;,=1[0.003, 0.985, 0.012] and xz=
[0.023425, 0.007875, 0.9687] for MT, C,~ and MTBE. All
feed and product streams are saturated liquid. External re-
flux ratio = 15.0. Flow rates: F/D/B = 1.0/0.21/0.4 kmol/s.
The arrow is the unstable eigenvector direction of the pinch
point.

tion, and Da=1.6000 is for the rectifying section. So, the
stripping reactive section is more efficient than the rectifying
reactive section in terms of smaller catalyst holdups. The As-
pen Plus results also support this fact: Da’s are 0.0626 and
1.4379 for the stripping section and the rectifying section, re-
spectively, for Qz =81.39 MJ/s and Qp = 81.43 MJ/s. When
both sections are reactive, Da is 0.325 for Qp = 38.67 MJ/s in
the shortcut results. This is larger than Da = 0.165 for the
stripping reaction zone under the identical reboiler duty. In
the Aspen Plus results, the Da’s for all reactive case and the
stripping section are 0.1353 and 0.1579 for Qg = 38.74 MJ/s
and Qp = 38.85 MJ/s. In these Aspen simulations, 60 stages
are reactive for the all-reactive case, and 30 reactive stages
for the case of only a stripping reactive section. So, in terms
of 30 reactive stages, the case of both reactive sections has
Da = 0.2706 (= 0.1353*2) to make fair comparison. So the
stripping reaction zone has the best performance in terms of
the lowest catalyst holdups.

Another important application of the shortcut method is to
investigate whether a single-feed distillation column can pro-
duce pure methyl acetate at a higher reaction extent. Figure
16 clearly shows that for a given distillate composition with
91.2% of methyl acetate, the nonreactive rectification body
of the rectifying section does not intersect the estimated re-
active profile of the stripping section. Hence, it is infeasible
to obtain this top product. Further increasing the methyl ac-
etate purity in the top product makes the nonreactive rectifi-
cation body reduce to a straight line connecting AC and MA
vertices. No intersection between this nonreactive rectifica-
tion body and the reactive profile is found as the MA purity
increases in the top product. With different reflux ratios (from
0.7 to 10) for the same distillate composition as in Figure 16,
there is no intersection between the nonreactive rectification
body and the reactive profile. Even with a rectifying reaction
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zone or with all reactive stages of the whole column, it is
confirmed by the shortcut method that a single-feed reactive
distillation column cannot produce pure methyl acetate. This
is why a double-feed distillation column should be employed
to obtain pure methyl acetate (Agreda and Partin, 1984).

Applying a Shortcut Method to the Nonisomolar
MTBE Reactive System

One mole of methyl tert-butyl ether (MTBE) is produced
from one mole of iso-butene (C,~ ) and one mole of methanol
(MT). Two minimum boiling azeotropes exist at 8 atm: one is
between MT and C,” and the other is between MT and
MTBE (See “AZ” in Figure 17). The reaction consumes two
moles of the reactants for every mole of the product that it
yields. The kinetic data are collected in the appendix. The
geometry for this nonisomolar reaction in the original com-
position space is different from the previous two iso-molar
reactions. The reaction difference point (Hauan et al., 1996;
Hugo, 1965; Stichlmair and Fair, 1998) is finite and 8z =[1 1
—1]7 for MT, C,~, and MTBE, respectively, while the iso-
molar reactions have infinite reaction difference points.

For this nonisomolar MTBE reaction, the limiting compo-
sition profiles with Da“’s are also available in Figures 17 and
18. The kinetic data are collected in the appendix. The unsta-
ble eigenvector direction of the stripping pinch point does
not match well with the calculated limiting composition with
Da‘¢ = 3.2268 in Figure 17. For the rectifying reaction zone in
Figure 18, the limiting composition profile (Da¢ = 1.204084)
after the pinch point (x,) lies outside the valid composition
simplex. This unusual behavior may come from the noniso-
molar stoichiometry of the MTBE reaction or nonideal phase
equilibrium, but the correct reason for this is still unknown.
Due to these behaviors of the composition profiles, the short-
cut procedures presented in the last sections cannot be ap-
plied. However, the MTBE system can be addressed if the
behavior of the limiting composition profiles are combined
with geometrical insights.

For the stripping reaction zone, the reaction extent from
the bottom to the pinch point is always negative if a straight
line connects the pinched vapor and liquid compositions (xp

Cascade difference point trajectory
T 6R

MTBE

- ! Xq
Operating line at the pinch Ye

Figure 19. Negative reaction extent at the pinch point
for the reactive stripping section in the MTBE
production system.
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Rectification body for non- Intersection II

reactive rectifying section

Figure 20. Determination of the liquid composition at
the final reactive stage of the stripping sec-
tion.

The both-ended arrow between intersections I (zero reac-
tion extent) and II (total reaction extent) is the possible
range for the final liquid composition (x,, ).

and yp) in Figure 19. This straight line intersects the cascade
difference point trajectory at the left extension of the bottom
product composition, where the reaction extent is negative
according to the following cascade difference point definition
(Hauan et al., 2000a; Lee et al., 2001a). In this equation, the
sum of stoichiometric coefficients (v;) is —1

Bxy,—v,;0
5= B 70r Ep (10)
B—v;ép

Therefore, the liquid composition at the final reactive stage
starting from the bottom must lie somewhere between xp, and
the MT—C,~ binary edge in order to have an overall posi-
tive reaction extent like the composition profile with Da“ =
3.2268 in Figure 17. The necessary condition for the feasibil-
ity is that the final liquid composition of the reactive profile
should intersect the nonreactive rectification body of the rec-
tifying section. So, this final liquid composition (x,,, ; in Fig-
ure 11) is geometrically confined between two points on the
upper edge of the nonreactive rectification body, as shown in
Figure 20. One point is the intersection between the edge of
the rectification body and the straight line connecting the
bottom composition (x) and the pinched vapor composition
(yp). The other point is the intersection between the edge of
the rectification body and the line joining the total cascade
difference point (§,) and the pinched vapor composition (yp).
If the final liquid composition of the reactive profile is at
intersection I in Figure 20, then the reaction extent from the
bottom to stage n +2 is zero because 6, is equal to x5z in Eq.
10. If it is at intersection “II” in Figure 20, then the reaction
extent from the bottom to stage n +2 is equal to the total
reaction extent. Thus, the final liquid composition is confined
by two limiting cases of the reaction extents: the first case of
total reaction (maximum Da) on the final stage (stage n +1)
at intersection I and the second case of zero reaction (Da = 0)
on the final stage at intersection II. Note that the pinched
vapor composition (y,) is used to obtain this range of the
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Intersecfion I

Intersection 11

Figure 21. Calculated composition profiles of the reac-
tive stripping section.

All conditions are identical to Figure 17 except Damkohler
numbers.

final liquid composition because this information is accessible
without any tray calculations.

To develop a shortcut algorithm, the middle point of these
two intersections is taken as the final liquid composition
(x,,1) because the calculated composition profiles in Figure
21 passing through this interval (between I and II) do not
have significantly different values of Da’s. The vapor compo-
sition profile after the pinch point can be confined to the
straight line connecting the pinched vapor composition and
the equilibrated vapor composition with the final liquid com-
position. For the given final liquid composition (x,_,), the
internal reboil ratio calculated from the heat balance deter-
mines the cascade difference point at stage n +2 on the cas-

Da°=1.204084

MT/

Da=1.2040834

AZ
F Distillation boundary

B PR Y T AT D
MTBE Ca-

Rectification body for non-
reactive stripping section

Figure 22. Limiting composition profile of the reactive
rectifying section and the nonreactive rectifi-
cation body for the stripping section. All
conditions are identical to Figure 18.
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Figure 23. Manifold of reactive stage profiles with nearly
identical Da’s passing through the P1-P2
edge of the nonreactive rectification body of
the stripping section.

cade difference point trajectory and the vapor composition at
stage n +2 on the estimated vapor profile. These two cascade
difference points (8, and §,,,) yield two reaction extents
(¢,.; and ¢, ,) for given bottom product composition and
flow rate. From the difference in the reaction extents be-
tween stage n +2 and stage n+1 (¢, — &, ,), we can cal-
culate Da with Eq. 11. Note that (£,,,— &,,,) is the net
reaction extent at stage n+1. The detailed derivation is
available in the appendix

§n+1 - §n+2

Da=——"" "2
(F/kf,ref)*rn+1

an

As already shown in Figure 18, the limiting composition
profile with Da“ for the reactive rectifying section partly lies
within the reverse reaction zone. It also lies in the different
distillation region from the region where the nonreactive rec-
tification body of the stripping section is placed in Figure 22.
So, using composition profiles with Da“’s for a shortcut algo-
rithm does not result in a feasible column since the overall
reaction extent is not satisfied.

However, if Da slightly increases from the critical value in
Figure 23, the composition profiles lie only in the forward
reaction zones, as shown in Figure 23. The composition pro-
files are quite different according to small deviations in Da’s
(1.225 to 1.26) like the previous ones in Figure 3. However,
all of the composition profiles touch the nonreactive rectifi-
cation body of the stripping section. The reaction extent in-
creases as the composition profiles proceed toward the upper
edge of P1-P2 starting from the top product (D) since those
profiles lie within the forward reaction region in Figure 23.
Thus, this edge (P1-P2) can be the place for the potential
final liquid composition of the reactive rectifying section
(x,, ) since the final liquid composition should intersect the
nonreactive rectification body. The middle point of P1-P2
edge is chosen as the final liquid composition satisfying the
overall reaction conversion, because all of the positions on
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Figure 24. Range of the liquid composition (x,,) and the
cascade difference point (5,,) at stage m.

The straight line connecting S1 (Da = 0) and S2 (Da = very
high) is the range for x,,,.

the P1-P2 edge correspond to nearly identical Da’s (1.225 to
1.26) from the calculated composition profiles in Figure 23.
Then, we calculate the equilibrated vapor composition (y,, ;)
with this final liquid composition (x,, , ;). To determine Da’s,
one stage calculation is performed from stage m + 1 to stage
m for this given vapor composition. So, the possible range for
the liquid composition at stage m (x,,) should be deter-
mined.

A simple trick is taken here to place the range of this lig-
uid composition (x,,). First, if the overall reaction extent is
satisfied at this stage m, we can roughly calculate the internal
reflux ratio (r,,=L,,/D) for a given external reflux ratio
without considering heat balance. For example, if the exter-
nal reflux is fixed as 15D and overall reaction conversion is
&, =1.8571D calculated from feed and product specifications,
then the internal reflux ratio is (15D-1.8571D)/D, as in Fig-
ure 24, when the overall reaction extent is satisfied at stage
m (5,, = §,). So, the liquid composition at stage m is located
on the lower-left extension of the straight line connecting the
total cascade difference point and the vapor composition at
stage m +1 according to the ratio of L,/AD + ¢)=
13.1429D/2.8571D (refer to S1 in Figure 24). Then, this lig-
uid composition at stage m is confined to the straight line

connecting the previous position (S1) and the final liquid
composition x,, ., (S2). The Damkdhler number is zero when

. lies at the position of S1 since §,, is identical to 6,= 6, ;
and the difference of the two reaction extents (¢, — £,,) be-
comes zero. As the liquid composition (x,,) moves from S1 to
S2, the Damkohler number increases and the cascade differ-
ence point (§,,) moves from (§,) to x,, as shown in Figure
24. The heat balance simultaneously determines the position
of x,, on the line of S1-S2 and that of §,, on the trajectory of
cascade difference points. Once the position of §,, is deter-
mined, the corresponding reaction extent (£,,) is calculated
for given top composition and flow rate. The difference be-
tween two reaction extents (¢, — £,,) will give the Damkdohler
number in the same way as in Eq. 11 for the reactive strip-
ping section.

Table 4 summarizes the results obtained from the shortcut
method. The rectifying reaction zone has smaller Da’s and
heat duties than the stripping reaction zone even for the
higher overall reaction extent and purer top and bottom
products. Thus, the rectifying reaction zone outperforms the
stripping reaction zone. This result is consistent with the pre-
vious result obtained by the geometrical analysis in Lee and
Westerberg (2001a). The Da’s calculated from the shortcut
method are not much different from those by the boundary
value method and can be used as the initialization of rigorous
calculations.

One important design insight from the shortcut procedure
is that the reactive stripping section cannot yield the same
product specification as in the reactive rectifying section. In a
column with the reactive stripping section, the nonreactive
rectification body of the rectifying section shrinks into the
line connecting the node pinch near the MTBE vertex and
xp as in Figure 25. Thus, this nonreactive rectification body
can intersect some liquid compositions lying on the reaction
equilibrium curve. If we select the pinched liquid composi-
tion (xp) as this intersection, this pinched composition is the
final liquid composition (x,,. ) of the reactive stripping sec-
tion. Since this pinch composition lies on the reaction equi-
librium curve, the reaction rate, r, . is zero and the Da be-
comes mathematically infinite according to Eq. 11. Thus, it is
impossible to produce pure MTBE and C,~ when the reac-
tion occurs in the stripping section. The approach suggested
in this article confirms the results reported by other authors
(Preston, 1998; Smith 1981, 1992). Hence, the method can be
used in other cases where in depth information about suit-
able column configurations is not given.

Table 4. Results for QO and Da from the Shortcut Method and the Boundary Value Method (BVP) for the MTBE Production

Reaction Zones Shortcut Method BVP
Stripping section: Q;(MJ/s)/Da
xp=[0.4 0.6 0.0] for MT, C,” and MTBE 113.58/4.5509 113.58/3.6700 (9)*
xp =[0.0530 0.9208 0.0262] 96.28,/4.3781 96.28/3.4440 (9)*
x5 =[0.233925 0.06138 0.704695] 84.75/3.9891 84.75/3.2266 (11)*
F/D/B =1.0/0.31/0.4 kmol/s — ¢, = 0.29 kmol/s
Rectifying section:
Q5(MIJ/s)/Da range
xp=[0.4 0.6 0.0] for MT, C,” and MTBE 68.78/1.3521 68.78/1.5670 (6)*
xp =[0.003 0.985 0.012] 57.61/1.3237 57.61/1.3620 (6)*
x5 =[0.023425 0.007875 0.9687] 50.16/1.4349 50.16/1.2250 (6)*

F/D/B =1.0/0.21/0.4 kmol/s — ¢, = 0.39 kmol/s

*Number in parentheses shows reactive stages in each section.
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Non-reactive
rectification body for

C4-

MTBE

r(a)=0.0

Figure 25. Infeasibility of the reactive stripping section
to produce pure MTBE and C, .

The feed and product specifications are the same as in
Figure 18.

Conclusions

In this article, a new shortcut method has been derived to
analyze and design reactive distillation systems. This new
procedure is based on the nonreactive rectification body
method, the critical composition profiles, the analysis of the
eigenvectors of pinch points, and geometrical design insights.
For the isomolar reactive systems (2B < A+C and A+B <
C+D), the unstable eigenvector directions are directly used
for column profile estimations. For the nonisomolar reactive
system (A + B < O), geometrical consideration is imple-
mented with the concept of cascade difference points to cal-
culate reaction holdups (Da’s). Even though the position of
pinch points and the eigenvector directions differ depending
on the phase equilibrium among reactive mixtures, the devel-
oped algorithm can be applied to most types of single isomo-
lar or nonisomolar reaction. The limitation of this shortcut
method is that the number of nonreactive or reactive stages
is not directly calculated even if the shortcut results (Da’s
and energy requirements) will guide or help the rigorous cal-
culations to determine this design parameter.

In the future, we will extend our algorithms into multireac-
tion and multifeed /product systems by using visualization in-
sights (Lee, 2002; Pisarenko et al., 2001; Stichlmair and Fair,
1998) and the proposed pinch point analysis. To overcome
visual limitations for multireaction systems, the reaction ex-
tents determined in the unstable eigenvector can be used for
developing a general shortcut method.
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Notation

B =molar bottom product flow rate
¢p =normalized product coefficient vector

AIChE Journal

cp =normalized reactant coefficient vector
C =number of components
D =molar distillate flow rate
Da =Damkohler number, (Hk ¢ )/F
Da‘ = critical Damkohler number
F =molar feed flow rate
H =reaction molar holdup on each stage
k =forward reaction rate constant
k rof =forward reaction rate constant at the reference tempera-
' ture
L,, =molar liquid flow rate at stage m in the rectifying section
L, =molar liquid flow rate at stage » in the stripping section
Lp =molar liquid flow rate at the reactive pinch point
Ni =number of reaction
Qp =reboiler heat duty
r; =reaction rate at stage I
s =internal reboil ratio at the pinch
T =temperature
T, ., =temperature at stage n +1
Tp =temperature at a pinch point
V,, =molar vapor flow rate at stage m in the rectifying section
V,, =molar vapor flow rate at stage n in the stripping section
Vp» =molar vapor flow rate at the reactive pinch point
x5 =bottom product composition
x, =distillate composition
x =feed composition
xp, =the liquid composition at the feed stage
x,, =liquid composition at stage m in the rectifying section
x,, =liquid composition at stage n in the stripping section
xp =liquid composition at the reactive pinch point
xp =pinched liquid composition in the rectifying section
xp =pinched liquid composition in the stripping section
Yrs =Vvapor composition at the feed stage
y#(x,T)=vapor composition in equilibrium with liquid composition
x at temperature T’
¥,, =Vvapor composition at stage m in the rectifying section
¥, =vapor composition at stage n in the stripping section
yp =vapor composition at the reactive pinch point
yp = pinched vapor composition in the rectifying section
yp =pinched vapor composition in the stripping section

Greek letters

d,, =cascade difference point at stage m in the rectifying sec-
tion
&p =cascade difference point at the reactive pinch point
8, =cascade difference point at stage n in the stripping section
&g =reaction difference point
o6, =total cascade difference point
8/ =total cascade difference point for the reactive rectifying
section
8 =total cascade difference point for the reactive stripping
section
v =reaction coefficient vector
v; =reaction coefficient for component i
v, =total sum of reaction coefficients
¢, =accumulated reaction extent from the top to stage m in
the rectifying section
&p =accumulated reaction extent from the top or the bottom to
the reactive pinch point
¢, , =accumulated reaction extent for reaction r from the bot-
tom to stage n
& p=¢&p for reaction r
&, =accumulated reaction extent from the bottom to stage n in
the stripping section
¢, = overall reaction extent in a column
& =overall reaction extent for the reactive rectifying section
& =overall reaction extent for the reactive stripping section
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Appendix A: Material and Heat Balance Equations

Here, we assume that all reaction molar holdups (or Da’s)
for each stage are equal (Buzad and Doherty, 1994).

Reactive Stripping Section Around the Balance Envelope in
Figure 6. The material balance equation becomes

n+1
=V, 1Yy + By —vH ) 1,
i=B

L x

n-n

(A1)

where H is the molar holdup, r; is the reaction rate on stage
i, and v is the stoichiometric vector. Index i = B represents
the bottom stage.

The reaction rate is generally expressed by mole fractions
for isomolar reactions and activities for nonisomolar reac-
tions. For the derivation purpose, let’s consider the kinetics
based on activity because the mole-based kinetics is one of
special cases for the activity coefficients equal to one

NP NR
ri = kf,i k]:[1 a|/<V,,§| - Keq l];[l alll,)ill (AZ)

where k;; is the forward reaction constant at stage i (func-
tion of stage temperature), a, , is the activity of product k at
stage i, a,; is the activity of reactant / at stage i, K,, is the
reaction equilibrium constant, NP is the number of products,
NR is the number of reactants, v, is the reaction coefficient
for reactant k, and v, is the reaction coefficient for product
L

If we insert Eq. A2 into Eq. Al and introduce Da=
(Hk ,1)/F, Eq. Al becomes
L,x, =V, 1¥y+1+ Bxg

n

n+1 kf~ NP NR
—vFDa Y, . ~( ITapd-K, I1d"] (A3)
i=B Mfref \k=1 =1

where kg, is the forward reaction constant evaluated at the
reference temperature.

Since all enthalpy data are based on the elemental refer-
ence condition, they include the heat of reaction (Venkatara-
man et al., 1990) implicitly. So, the heat balance equation
around the balance envelope in Figure 6 yields

L,h

n''n

=V,.1H, 1+ B(hg —qp) (Ad)

where £, is the liquid molar enthalpy at stage n, H,, ; is the
vapor molar enthalpy at stage n +1, Ay is the bottom prod-

uct molar enthalpy, and g is the reboiler molar duty.
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Reactive Rectifying Section. In the same way as for the
stripping section, the material and heat balance equations are

Vm+1ym+1 = mem + DxD
m kf' NP NR
—vFDa ¥ - afd — K, TTal| (AS)
i= foref \ k=1 I=1

Vm+1Hm+1=Lmhm+D(hD_qD) (A6)

where /i, is the distillate molar enthalpy, and ¢, is the con-
denser molar duty. Index i =1 represents the top stage.

Appendix B: Determination of a Damkoéhler Number
Up to stage n +1 in Figure 6, Eq. Al can be rearranged to

Da n+2
Lyixy1=V,42¥p40t Bxg—vF Y i =VoiiaYeio
fret i= B

+BxB_ Vént2

(B
Thus, if we compare the reaction terms only, ¢,., becomes

Da n+2
§roa=F—

T (B2)
kf,ref i=B

If we add one more stage (stage n+1), &,,, becomes

Da n+1

&1 =F T (B3)

kf,ref i=B

Taking the difference, (¢,,, — &, ,), Da is calculated by the
following equation

§n+1 - §n+2

Dg=—2tl "2
(F/kf,ref)*rnJrl

(B4)
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In the same way, we can also obtain Da for the reactive recti-
fying section
§m+1 - gm

Da=—2" "
(F/kf,ref) >krm+1

(B5)

Reaction kinetics for three reactive systems

2-pentene decomposition into 2-butene and 3-hexene
(Okasinski and Doherty, 1998)

Reaction: 2Cs~ e C,” +C4~

: . - 2
Reaction rate:  rq4 = kf(xc_.-, - xCSxC(,/KBq)

k;=129.6133 exp(—3321.24/T) s~ 1, T: Kelvin

K., =025
Ky et at 298.15 K

Methyl acetate production system (Xu and Chuang, 1996;
Mazzotti et al., 1997)

AC+MT & MA+W

'Ma= kf(xACxMT - xMAxW/Keq)

Reaction:
Reaction rate:

k;=1.76+10" exp(—7032.1/T) s~ ', T: Kelvin

K., =52
Kp e at 33220 K

MTBE production system (Venimadhavan et al., 1994)

Reaction: IC,” +MT < MTBE

Reaction rate:  ry7pp =Kkp(acs@yr — ayrpe/Key)

kp=124exp(—3187/T) s~ L T: Kelvin
K,,=—16.33+6820.0/T, T: Kelvin

Kper at 410.05 K
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